A novel scheme for error-resilient digital video broadcasting. using Wyner-Ziv coding, is presented in this paper. We apply the general framework of systematic lossy source-channel wding to generate a supplementary bitstream that can correct transmission errors in lhe decoded video waveform up to a certain residual distortion. The systematic portion consists of a conventional MPEG-wded bitstream. which is transmined over the error-prone channel without any forward m o r correction. The supplementary bitstream is a low rate representation of the transmitted video sequence generated using Wyner-Ziv encoding. We use the conventionally de. coded errorconcealed MPEG video sequence as side information to dewde the Wyner-Ziv bits. The dewder combines the errorprone side information and the Wyner-Ziv description to yield an improved decaded video signal. We show how this scheme can be used to build a system which achieves graceful degradation without the need of a layered representation of the video waveform.
INTRODUCTION
In typical digital video broadcasting schemes, an MPEGsaded video bitstream is transmitted to multiple receivers over a wueless channel. In order to correct the transmission errors. the source bitstream is generally protected using some form of forward error correction (FEC). The forward m o r wrrection scheme, along with decoder-based emr concealment ensures tho availability of "broadcast quality" video. In this paper, we investigate a novel method for mor-resilient video broadcasting which uses WynerZiv coding, instead of conventional forward error correction.
Specifically. we apply the "systematic coding" framework to ermr resilient MPEG video broadcast. An MPEG-wded video bitstream is transmitted with little or no protection over an errorprone channel. In addition, we transmit 3 supplemenlag bitstream generated using Wyner-Ziv coding of the transmitted sequence. We show that a decoder having access to a Wyner-Ziv coded version of the transmitted video sequence, in addition to the errorconcealed conventionally decoded sequence as side information, can provide an oulput with superior visual quality and average PSNR. in the presence of channel mors.
Wyuer-Ziv coding refers to Lossy compression with side information at the decoder. Achievable rates for this setting were derived in the mid-1970s by Wyner and Ziv 11. 2.31. It was proved that the minimum source encoding rate for a given distortion, when the side infonnalion is only known to the decoder, is greater than or equal to the rate obtainable when the side information is also av8ilable at the encoder. Our implementation of the Wyner-Ziv c d e c consists of an inner turbo wdec and an outer quantizationreconstruction pair.
The Wyner-Ziv problem is closely related to the problem of systematic lossy sourcechannel coding [4J. In this wnfiguration, an analog source X is transmitted over an analog Channel A without wding. A second encoded version of X is sent over a dgital Channel D as enhancement information. The noisy version Y of the original serves as side information to decode the output of Channel D and pmduce the enhanced version Y'. The term "systematic coding" has been introduced in extension of systemalic error-correcting channel codes to refer to a partially uncoded transmission. Shamai. Verdu. andzamirestablish information theoretic bounds and conditions for optimality of such a wnfiguration in 141.
In conventional forward m o r correction systems, when the bit error rate of the channel exceeds the correction capability of FEC codes, a "cliff' effect is observed, which results in highly unacceptable video quality. To prevent this, the idea of Priority Enwding Transmission (PET) [5] can be applied, which assigns varying degrees of FEC to different parts of the video bitstream depending upon their relative importance. This approach, which ensures graceful degradation of the image quality in the presence of channel errors. has been exploited by layered video caling schemes [6, 7, 8] . However. these schemes are not used in practice because of the significant rate-distortion penalty associated with a layered video representation, We will describe a scheme using Wyner-Ziv wdmg that can achieve graceful degradation of the decoded video quality wirhout :he w e d for a layered represenrarion.
The remainder of this paper is organized as follows. In Sectian 2, we explain the lossy forward error protection scheme and describe its fundamental building block. i.e., the Wyner-Ziv wdec.
In Section 3, we present experimental results of applying this scheme b error-resilient broadcw
SYSTEMATIC LOSSY FORWARD ERROR
PROTECTION SCHEME
Wyner-Ziv Coding for Error-resilient Video Broadcast
The idea is illustrated in Fig. I The Wyner-Ziv encoder and decoder can be seen in Fig. 2 . A similar Wyner-Ziv codec structure was presented in [9. IO] . for an asymmetric video compression system employing intraframe ellcoding but inlerframe decoding. Note, however. thal the present codec is designed for a broadcast application and hence does not employ feedback. unlike these earlier schemes. At the encoder. each pixel of the video sequence S is quantizd using a dithered scalar quantizer of Q levels. The quantized symbols. y, conespanding to a frame are gmoped togelher to form the input block to thc turbo encoder. The turbo encoder, composed of two w nstituent systematic convolutional encoders, senerates parity bits which are sent to the Wyner-Ziv decoder. Note that if there are no transmission errors. these parity bits do not give any additional iiiformation. This is similar to the inefficiency of traditional forward error correction when there are no errors.
The Wyner-Ziv decoder uses the parity bits and the side information S' (the decoded sequence with concealed transmission eirors) to decode the quantized symbols 4'. The reconstruction block takes a decoded symbol qi' and the corresponding side information to form a better reconstruction Si*. If the side information is within the interval uf the decoded symbol. Si' takes the value of the side information. If it is outside the interval. S;' is calculated by taking the conditional expectation (assumin8 a Laplacian residual model between the encoded signal and the side information) given the side information and the decoded interval. Assuming that the decoded symbol is correct. tlie Wyner-Ziv codec limits the distortion of the output sequence up to a maximum distortioii de- termined by the quantizer coarseness Q.
Embedded Wyner-Ziy Cod-
The trade-off between distortion due to trans1,nission errors and Wynrr-Ziv bit-rate can be exploited to construct an embedded Wyner-Ziv codec thal achieves graceful degradation of tlie decoded video when the error rate of the channel increases. An example of such a system is shown in Fig. 3 lor the case of 2 quality levels. Wyner-Ziv encoder A employs a coarser representation that is einbedded in the finer representation of Wyner-Ziv encoder B.
Siiice Wyner-Ziv encoder A has a coarser quantizer, the hitstream 3. Graceful degradation of decoded video quality cm be acbieved using an einbedded Wyner-Ziv codec.
is easier to decode and, therefwe, has stronger error protection capabilities. I1 is decoded first, using decoded video S' as ride informntion to yield improved decoded video S'. If the transmission e m r s are not too severe. then the Wyner-Ziv stream B can also be decoded. using the dccoded probabilities of tlie symbols from Wyner-Ziv decoder A. PA, and the side information S'. This yields a further improved decoded video signal S". Thus, graccful degradation of the decoded video quality is achieved without requiring a layered coding scheme.
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EXPERIMENTAL RESULTS
Wper-Ziv Coding for Forward Error Protection
We implemented the scheme proposed in Section 2.1 for standard MPEG-compressed CIF sequences. For the simulations we assume that the channel errors lead to lost macroblocks. We simulate a random macroblock loss rate of 1%. The decoder performs previous frame mrconcealment on lost macroblocks to generate the sequence Si, which serves as side information for the Wyner-Ziv decoder. The experimental set-up assumes error-free transmission of the Wyner-Ziv bits.
The CIF video format produces for every frame a symbol block of length 288 x 352 = 101376 which is the input to the t u r b encoder. To vary the level of error protection, we change the number of quantization levels (Q E {4,16}) and control the amount of parity bits sent to the decoder. Note that for this application there is no feedback in the system; so for a given simulation set-up the Wyner-Ziv transmission rate is fixed. As explained in Section 2.1, the Wyner-Ziv decoder optimally combines the side information S', and the Wyner-Ziv bits to geoerate a signal S ' of improved visual quality. Fig. 4 shows the the PSNR vs. frame number of the Carphone sequence MPEGencoded at 1 Mbps and protected by increasing amounts of WynerZiv bits. It can be observed that our scheme Limits the error propagation caused by imperfect concealment of channel er", and achieves acceptable PSNR levels. For low rates of the Wyner-Ziv bitstream, the error protection capability breaks down when the errors are too severe. As expected, the average PSNR is largest when the rate of the Wyner-Ziv bitstream is Largest ( I bpp in our simulations). We note that this rate is high at present because our pixel domain Wyner-Ziv coder does not exploit any spatial correlation in the input video sequence, thus, the bit rate is not yet comparable lo traditional FEC. Upon close inspection. a few isolated pixel errors can be observed (approx. 100 pixels per CIF frame) in the reconstructed vidw frame. These are due to the presence of residual errors in the turbo decoder. For high resolution video, which is typical for video broadcast. isolated pixel errors are not very evident to the viewer. In this section we discuss results obtained when the supplementary bitstream consists of a Wyner-Ziv representation of a t e m prally subsampled version of the source sequence, instead of the entire sequence itself. This reduces the effective Wyner-Ziv bit-rate (from 2 bpp with no temporal subsampling, to 216 = 0.33 bpp with Wyner-Ziv coding applied once every 6 frames) at the expense of an increase in the average distortion due to transmission mors. Fig. 5 shows how the average PSNR degrades with increase in the temporal subsampling factor applied to the source sequence before Wyner-Ziv coding. Note that the degradation is not very severe compared to that observed when WynerZiv decoding is not used The tradeoff ktween temporal subsampling versus WynerZiv bit-rate should therefore be an important consideration in the optimization of the forward error protection system. quantization levels. the given bit-rate is not enough to correctly decode most af the frames, so the PSNR falls. For the I-level codec with 4 quantization levels, the given bit-rate is more than enough to correctly decode all the frames hut the PSNR improvement is limited by the coarse quantization. However. for the 2-level wdec. the hit-rate is used efficiently. When the side information is good. it is able to decode the finer representation. Whcn the side infurmalion is had. it is still able to decode the coarse representation, thus, avoiding a drop in PSNR.
CONCLUSIONS
In this paper we have explored the application of Wyner-Ziv coding to error resilient digital video broadcasting. Experimental results show that a supplementary hitstream generated using WynerZiv coding of the source sequence can be used to wrrect transmission errors in the transmitted video signal, up to a certain residual distortion. Since it allows for some distortion in the case of channel errors, the above scheme can potentially achieve a much lower hit-rate than a conventional channel coder which protects the hits produced hy the source coder. Equivalently, we can achieve skonger error protection at the same hit-rate. if we allow for higher distortion. Further. by using an embedded Wyner-Ziv codec. graceful degradation of the decoded video quality can he achieved without the requirement of a layered representation of the video source.
Refinements in the decoder reconstruction function. a transform domain Wyner-Ziv codec. and improved quantization schemes based on the conditional entropy of the source given the side information. constitute the focus of our future work. 
